The past decade has seen an explosion in the application of genomic tools across all biological disciplines. This is also true for mycobacteria, where whole-genome sequences are now available for pathogens and nonpathogens alike. Genomes within the Mycobacterium tuberculosis complex (MTBC) bear the hallmarks of horizontal gene transfer (HGT). Conjugation is the form of HGT with the highest potential capacity and evolutionary influence. Donor and recipient strains of Mycobacterium smegmatis actively conjugate upon coculturing in biofilms and on solid media. Whole-genome sequencing of the transconjugant progeny demonstrated the incredible scale and range of genomic variation that conjugation generates. Transconjugant genomes are complex mosaics of the parental strains. Some transconjugant genomes are up to one-quarter donor-derived, distributed over 30 segments. Transferred segments range from ∼50 bp to ∼225,000 bp in length and are exchanged with their recipient orthologs all around the genome. This unpredictable genome-wide infusion of DNA sequences is called distributive conjugal transfer (DCT), to distinguish it from traditional oriT-based conjugation. The mosaicism generated in a single transfer event resembles that seen from meiotic recombination in sexually reproducing organisms and contrasts with traditional models of HGT. This similarity allowed the application of a genome-wide association study approach to map the donor genes that confer a donor mating identity phenotype. The mating identity genes map to the esx1 locus, expanding the central role of ESX-1 function in conjugation. The potential for DCT to instantaneously blend genomes will affect how we view mycobacterial evolution and provide new tools for the facile manipulation of mycobacterial genomes.
Eukaryotes use meiotic recombination to blend parental genomes and generate genome-wide variation between progeny. By contrast, bacteria divide asexually to generate two clones of the original. The genomic variation present in asexual populations is modest and is limited to those relatively rare events of spontaneous mutation and transposition. Significant variation must await exceedingly rare events wherein DNA from another organism is sporadically introduced into the bacterial genome. The acquisition of foreign DNA by a recipient bacterium provides the genetic diversity needed to facilitate evolution. This process is called horizontal gene transfer (HGT; or sometimes LGT for lateral gene transfer) and is mediated by three distinct mechanisms: conjugation, transformation, and transduction (1, 2) . In this chapter we will discuss in detail HGT mediated by conjugation in mycobacteria, its potential evolutionary impact, and its application as a tool for mycobacterial genetics. Transduction is discussed in references 72 and 73 on mycobacteriophages. Transformation (by electroporation) is a vital laboratory tool, but transformation per se is unlikely to play a major role in HGT because mycobacterial species are not known to be naturally competent.
HGT can occur between cells of the same species, different species, and even across kingdoms, thus blurring species boundaries. In the pregenomic era, the impact of HGT was mostly restricted to our knowledge of the movement of mobile elements such as plasmids and phages. However, as the number of bacterial wholegenome sequences increases, it is becoming clear that HGT has significantly influenced the genomes of extant bacteria (3) (4) (5) (6) (7) . This is also true for the members of the Mycobacterium tuberculosis complex (MTBC; M. africanum, M. bovis, M. canettii, M. caprae, M. microti, M. pinnipedii, and M. tuberculosis), whose genomes have been extensively studied in an attempt to type and track TB outbreaks. HGT was not originally considered a major factor in the MTBC, because preliminary sequence comparisons among them indicated extremely low diversity and lacked any clear evidence of HGT (8) (9) (10) (11) . Consequently, it was postulated that the MTBC is essentially a clonal outgrowth of a particularly successful subtype of a progenitor species (10) (11) (12) . However, more recent sequence analyses have provided convincing evidence of recombination occurring between isolates of M. canettii, the most divergent member and probable progenitor species of the MTBC (13, 14) . These sequence analyses, combined with the characterization of an entirely novel mycobacterial conjugation system have forced a rethinking of the clonal paradigm and the role of HGT in shaping mycobacterial genomes (14, 15) . In this chapter we will discuss the latest results indicating that HGT, specifically conjugation, is active among mycobacterial species and that it likely has had-and will continue to have-a large impact on mycobacterial evolution.
CLASSICAL oriT-MEDIATED CONJUGATION: A BRIEF OVERVIEW Plasmid Transfer
Bacterial conjugation is a naturally occurring process that involves the unidirectional transfer of DNA from a donor to a recipient and requires cell-cell contact (16, 17) . Conjugation generally involves the transfer of plasmids, or integrative and conjugative elements (ICEs). ICEs are found in the chromosome, but excise to form a plasmidlike circle before transferring into a recipient and reintegrating into the chromosome (18) . Most of the early characterization of conjugative plasmids and the transfer process was completed in Escherichia coli, but the mechanism of transfer is essentially the same for both plasmids and ICEs, regardless of bacterial species (16, 19) .
The first step in conjugation is establishment of cellcell contact between the donor and recipient cells, or mating-pair formation (MPF). In Gram-negative species, MPF is facilitated by the plasmid-encoded pilus that is assembled by a type IV secretion system (T4SS) (20, 21) . Gram-positive species also encode many of the T4SS proteins, but they are mainly localized to the cytoplasm or membrane and are therefore proposed to assemble as the conduit of DNA transfer and not to assemble pilus structures (21, 22) . Instead, Gram-positive mating pairs are likely formed by other mechanisms including surface-exposed adhesins, which cause aggregation of donor and recipient enterococci cells (23, 24) . Once MPF is established, DNA-processing enzymes mediate transfer of a single strand of DNA from the donor to the recipient (Fig. 1A) . A key protein is a relaxase, which induces a strand-specific nick within a sequence called the origin of transfer, oriT (16) . The relaxase, bound to the 5′ end of the nicked DNA, mediates transfer of the DNA through the pore and into the recipient. On completion of plasmid transfer, the relaxase recognizes the 3′ end of oriT and recircularizes the single strand by a reversal of the nicking process. Complementary DNA synthesis in the recipient results in a transconjugant containing a copy of the conjugative plasmid and, thus, is now a donor. This replicative process facilitates the rapid dissemination of conjugative plasmids through bacterial populations.
Chromosomal Transfer Mediated by Integrated Plasmids
Despite this plasmid-centric view of conjugation, the first description of conjugation was the transfer of E. coli chromosomal DNA by Lederberg and Tatum (25) . Unaware that plasmids existed and promoted transfer, Lederberg and Tatum selected for transfer of chromosomal markers. Fortunately, one of the strains they were using had an F plasmid integrated into the chromosome, and thus chromosomal DNA was transferred, because it contained the cis-acting oriT. The mechanism of transfer by these so-called Hfr strains (high frequency recombination) is identical to that of plasmid transfer, but the outcome is very different (Fig. 1B) . Because the chromosome is now conceptually equivalent to a very large plasmid, transfer requires a commensurately extended time and depends on nick-free DNA to be pulled along by the relaxase-oriT complex. Therefore, transfer is often incomplete, either due to physical dissociation of mating pairs or because of nicks in the strand of DNA being transferred. Consequently, only the segment of the donor chromosome adjacent to oriT is reliably transferred. Since partial transfer prevents reconstitution of oriT to circularize the chromosome, this linear segment must recombine into the recipient chromosome by homologous recombination for stable inheritance. Thus, chromosomal transfer contrasts with plasmid transfer: (i) host recombination functions are required to integrate transferred DNA into the chromosome; (ii) oriT is not regenerated in the recipient, and therefore transconjugants do not become donors, but remain as recipients; and (iii) genes 3′-proximal to oriT are transferred most frequently, so the efficiency of transfer of chromosomal genes is location dependent. By taking advantage of these observations, Wollman et al. established the circularity of the E. coli genome and mapped genes by minutes around the "100-minute" chromosome (26) . As we will describe below, the outcomes and requirements of transfer in M. smegmatis substantially differ from oriT-initiated transfer, providing the first clues that mycobacterial conjugation occurs by an entirely new mechanism.
MYCOBACTERIAL CONJUGATION Do Mycobacterial Plasmids Mediate Transfer?
Rather strangely, mycobacteria seem to lack the sheer numbers and classes of plasmids found in almost all other bacteria. While many environmental species contain plasmids (27) , many mycobacteria lack plasmids altogether, including members of the MTBC and M. smegmatis. This paucity of plasmids in mycobacteria explains why all natural antibiotic resistance is A B FIGURE 1 oriT directs both plasmid and chromosomal transfer in traditional conjugation systems. (A) F episome plasmid transfer. The oriT is nicked and a single strand is guided into the engaged recipient by a plasmid-encoded relaxase. Upon transfer, relaxase catalyzes recircularization at oriT, and host polymerases synthesize a complementary strand. The recipient chromosome is unaltered, but the cell now exhibits a donor phenotype (blue). (B) Hfr strains have a plasmid integrated into the chromosome, shown as a single strand for simplicity. The integrated oriT functions as it would in the plasmid scenario above, except that transfer of the chromosome is usually incomplete. The linear chromosomal fragment must be incorporated into the recipient chromosome by homologous recombination for stable inheritance. Homologous recombination excludes the oriT, and, while the transconjugant chromosome now has some donor sequences, it retains a recipient phenotype (yellow). For an Hfr transconjugant to become a donor, the entire donor chromosome must be transferred to regenerate oriT. doi:10.1128 /microbiolspec.MGM2-0022-2013.f1 chromosomally mediated in M. tuberculosis, unlike most other pathogens. We speculate that this is a consequence of the unusual nature of the mycobacterial envelope preventing plasmid transfer and the unique requirements for plasmid replication and maintenance in mycobacteria.
In general, mycobacterial plasmids have only been partially characterized, while the main focus has been their development as vectors (28, 29) . Descriptions of plasmids are mostly limited to the environmental species, such as members of the Mycobacterium avium, intracellulare, scrofulaceum (MAIS) complex and Mycobacterium fortuitum (27, 28) . Hybridization studies indicate that some of these plasmids are related despite being found in different species and isolates, which suggests that the plasmids have moved between species in the environment (30) . However, the technical problems associated with manipulating members of the MAIS complex and other environmental mycobacteria have made it difficult to experimentally address the mechanism of dissemination. Most of these plasmids can be transformed and maintained in other mycobacterial species, such as M. smegmatis and M. tuberculosis, indicating that their limited host range is not the result of an inability to replicate, but a consequence of either a physical inability to spread or because their hosts do not occupy the same environmental niches (28, 31, 32) .
A few of these characterized mycobacterial plasmids have been sequenced, and these analyses have not identified obvious transfer functions (31, 33, 34) . M. ulcerans contains a large plasmid, pMUM1001 (>174 Kb), which encodes polyketide synthases that produce the macrolide toxin necessary for its pathogenesis (35) . Its large size has prevented functional characterization, but sequence analysis again indicates that pMUM1001 does not encode a classical conjugation system (36) . The lack of defined transfer-associated genes on these plasmids suggests that either they are not transferred between cells, plasmid transfer occurs by a novel mechanism, or they are indirectly mobilized between environmental species via chromosomal transfer, as observed in M. smegmatis (37) .
Sequence analyses of two mycobacterial plasmids indicates that they encode genes related to those found on classical oriT-like plasmids, but these plasmids have not been shown to be mobile in mycobacteria. The sequence of the plasmid pVT2 from M. avium revealed that it encodes a relaxase, with homology to the relaxases of F, R100, and R388, including conservation of the active site sequence motifs (31) . However, pVT2-mediated conjugation was not experimentally demonstrated, and the plasmid lacks other conjugation-like genes. One possible scenario is that pVT2 is a mobilizable plasmid, encoding its own relaxase and oriT, but requiring a conjugative plasmid, or equivalent, to establish MPF. More recently, a plasmid was identified in an epidemic strain of M. abscessus, which was sequenced and shown to belong to the broad-host-range IncP plasmids found in many Gramnegative bacteria (38) . The 56-kb plasmid, pMAB01, contained all the genes needed for MPF and DNA transfer. Importantly, when introduced into E. coli, pMAB01 could transfer between strains of E. coli, albeit at low frequencies. While this study demonstrated that a large broad-host-range plasmid can get into a mycobacterial cell (probably by conjugation; also see reference 39), the restriction of pMAB01 to a single epidemic strain suggests that it is unable to mediate transfer efficiently between mycobacteria; i.e., mycobacteria are a dead end for oriT-mediated plasmid transfer systems. We speculate that this is because of the novel composition and architecture of the mycobacterial membrane, which prevents assembly of a functional T4SS for pilus synthesis and DNA export. This membrane barrier may also prevent acquisition of broad-host-range plasmids, which are normally capable of transfer into an extraordinarily diverse range of bacterial species.
Chromosomal Transfer in Mycobacteria
Similar to its discovery in E. coli, the first definitive proof of conjugation in mycobacteria was that of chromosomal DNA transfer in M. smegmatis (40) . However, as we will describe, the mechanism of transfer is fundamentally different, requiring a complete rethinking of the conjugation process and its impact on genome dynamics and mycobacterial evolution.
The basics
The first accounts of a conjugation-like process between isolates of M. smegmatis were described in the early 1970s (41, 42) . However, these initial observations required modern molecular genetic tools to convincingly demonstrate that recombinants were generated by conjugal transfer of chromosomal DNA and did not involve plasmids (40) . To monitor DNA transfer, cassettes encoding different antibiotic resistance markers were integrated into the chromosomes of M. smegmatis isolates, the differentially marked strains were co-incubated, and transconjugants were identified by selecting for recombinant cells resistant to both antibiotics (Fig. 2 ). This simple assay confirmed that DNA transfer in M. smegmatis satisfies all criteria of conjugation: (i) transfer required co-incubation of both parent cells, and that both parental types were viable; (ii) there are distinct donor and recipient strains; (iii) transformation was excluded because recombinants were isolated in the presence of DNase I; (iv) transduction was also ruled out because transfer did not occur in liquid medium and phage could not be detected in culture filtrates; and (v) cell fusion was ruled out because an episomal plasmid introduced into the donor strain was not transferred in transconjugants even when a plasmid-encoded antibiotic marker was selected (40) . One pair of isolates, derivatives of Jucho and P73, while normally acting exclusively as recipients with other donors, could exchange antibiotic markers bidirectionally. This unusual bidirectional transfer could occur if these two strains are capable of switching mating types; i.e., they contain genetic information for both donor and recipient functions, but only one function is expressed in any one cell. It is possible this switch is relevant to the conversion of transconjugants to donors, which will be discussed later.
Of considerable note to the mycobacterial research community was that mc 2 155, the widely used laboratory strain, was characterized as a conjugal donor. This had the reciprocal dual benefit of using tools developed in mc 2 155 to study the conjugation mechanism, while allowing the development of conjugation as a tool to study mc 2 155.
Initiation of mycobacterial DNA transfer does not occur from a unique site oriT regions are small (∼200 bp) cis-acting sequences that include all the necessary sites for the relaxase and accessory proteins to bind, nick, and mediate DNA transfer (16) . They are easily isolated because they confer mobility on otherwise nonmobilizable plasmids, when the necessary transfer proteins are supplied in trans (43, 44) . The pAL5000-based mycobacterial plasmid is not mobilized, even when a plasmid antibiotic marker is selected, indicating that it lacks the cis-acting sequences needed to mediate chromosomal transfer into the recipient cell. Wang et al. (37) took advantage of this observation to isolate chromosomal cis-acting mobilization sites by constructing a library of chromosomal donor DNA in a pAL5000 vector and selecting for its transfer into the recipient. By analogy with other transfer systems, it was anticipated that a single, cis-acting oriT-containing DNA segment would be identified in vector derivatives that successfully transferred. Surprisingly, multiple, nonoverlapping segments of donor DNA were identified in plasmid transconjugants, indicating that there are many cis-acting sequences in the chromosome. The cisacting sequences were termed bom regions, for basis of mobilization, to distinguish them from the smaller, singular, better characterized, oriT. oriT provides two functions: It initiates transfer in the donor and recircularizes plasmid DNA in the recipient to complete transfer ( Fig. 1A) . In M. smegmatis, a study to define functionally comparable cis-acting sequences revealed that efficient plasmid transfer required at least 5 kb of chromosomal DNA and often resulted in acquisition of recipient chromosome single nucleotide polymorphisms (SNPs) in the transferred plasmid DNA (37) . This simple observation provided key insights for a new model, which proposed that bom might initiate transfer, but recircularization of a mycobacterial plasmid required homologous recombination functions in the recipient in the form of gap repair, using the recipient chromosome as a template (Fig. 3A) . A gap-repair model FIGURE 3 Donor chromosomal bom sites mobilize plasmids and mediate recircularization by gap repair in the recipient. Episomal plasmids are not subject to conjugal transfer unless they carry chromosomal DNA segments functionally defined as bom (basis of mobility) sites. (A) Recovery of the transferred plasmids, and sequencing of the bom sites, revealed the presence of embedded recipient SNPs, suggesting a gap-repair mechanism. In this model, transfer would be initiated in the donor via a break in bom. Following transfer of the linear plasmid, the homologous region of the recipient chromosome would act as the template for gap repair to seal the break and recircularize the plasmid. As a consequence, recipient SNPs would be incorporated into the plasmid DNA. (B) This model was confirmed by the use of two adjacent bom sites, separated by a nonhomologous sequence. The region of nonidentity was replaced by the intervening recipient chromosomal sequence upon transfer. In this two-bom model a break could occur at both boms to create a gap spanning hypothetical gene b. Alternatively, a break could occur at just one bom site (as shown) and then the nonhomologous region resected by exonucleases to generate ends suitable for gap repair, capture of gene b, and plasmid circularization. doi:10.1128/microbiolspec.MGM2-0022 -2013.f3 encompasses all of the experimental findings: transfer requires a minimum size of bom (for homology to promote strand invasion and gap repair), the requirement of RecA in the recipient, and the acquisition of recipient SNPs in the plasmid DNA. In further support of this gaprepair model, plasmids were engineered to contain two neighboring bom regions, normally spaced 5 kb apart on the chromosome. Transconjugants containing these two-bom plasmids were shown to have acquired the entire intervening segment of recipient chromosomal DNA ( Fig. 3B ) (37, 45) . The recovered bom sequences were not enriched for elements that might function as a binding site for an enzyme, or have any discernable structural features, similar to oriT. In addition, although bom initiates plasmid transfer, it is unclear whether initiation involves a nick or a double-stranded break, resulting in single-stranded or double-stranded DNA transfer, respectively. Extrapolating these plasmid findings to a chromosomal context suggests that cleavage at multiple chromosomal bom sites could result in transfer of discrete segments of DNA that are then integrated into the recipient chromosome by homologous recombination. In addition, the presence of numerous bom sites is consistent with location-independent DNA transfer, in contrast to that observed in Hfr strains (46) . Importantly, these mechanistic distinctions are consistent with two very different evolutionary paths to conjugal DNA transfer. Chromosomal transfer by Hfr in E. coli is directed by cis and trans functionality from a plasmidsomething that has evolved for self-propagationsimply because incidental integration embedded the plasmid in the chromosome. In contrast, mycobacterial conjugal DNA transfer is apparently plasmid-independent, implying that the necessary constituent conjugation proteins and elements have coevolved for the express purpose of transferring chromosomal genes between cells.
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Bioinformatic searches have failed to identify any orthologs of transfer genes in M. smegmatis genomes. In hindsight this is not entirely surprising, given both the unique aspects of mycobacterial transfer and the structure of the mycobacterial cell envelope (47) . Further underscoring the unique properties of mycobacterial conjugation is the unanticipated role of the ESX-1 secretion apparatus in DNA transfer. Transposon mutagenesis screens demonstrated very different roles for the ESX-1 secretion apparatus in the donor and recipient. In the donor, ESX-1 functions suppress transfer: esx1 donor mutants are hyper-conjugative (48) . Paradoxically, in the recipient, ESX-1 functions are essential for transfer: esx1 recipient mutants are nonconjugative (49) . This reciprocal esx1 conjugation phenotype suggests a level of complexity well beyond a simple model of DNA passing through a secretory apparatus.
ESX-1 is the flagship representative of type VII secretion systems. There are five apparently nonredundant paralogous esx loci in M. tuberculosis, with esx1 mutants having an attenuated phenotype (discussed in more detail in references 50, 51, and 71). Briefly, ESX-1 is a complex secretion machine with its own specific set of substrates, which include the dominant antigens EsxA and EsxB (previously called Esat6 and Cfp10). The majority of the proteins required for secretion are encoded from a single, multigene locus called esx1. The genetic organization and the proteins encoded by esx1 are highly conserved among mycobacteria, including M. smegmatis. ESX-1 mutants of M. smegmatis, like those of M. tuberculosis, fail to secrete EsxA and EsxB and other ESX-1-dependent proteins (49, 52) . Thus, a role for ESX-1 in conjugation suggests an overarching function for ESX-1 in regulating extracellular interactions; in M. smegmatis, ESX-1 regulates interaction between mating mycobacterial cells, while in M. tuberculosis, ESX-1 regulates interactions with the host.
There are many unanswered questions concerning the mechanism and functions of type VII secretion systems, but several are relevant to this chapter. How do the roles of ESX-1 differ between M. smegmatis and M. tuberculosis? And, within M. smegmatis, how do the roles differ between the donor and recipient strains? Given the high level of conservation of the esx1-encoded proteins, the most likely model is that the structural apparatus and mechanisms of secretion are the same, but some of the proteins that are secreted differ between species and strains. Thus, M. tuberculosis would secrete effector proteins to mediate pathogenesis, while the donor and recipient M. smegmatis strains would use the same delivery system to secrete different sets of proteins to regulate or mediate DNA transfer. Whether ESX-1 mediates these disparate functions through secretion of diffusible factors or by decorating or modifying the mycobacterial cell wall is a pressing question.
Could a paradoxical riddle hold the key?
Paradoxes are only paradoxes until the underlying reason is known. The opposing effects of the esx1 mutation in donor and recipient M. smegmatis strains defy most models of orthologous function, in which orthologous genes and their encoded proteins will have similar-not opposing-functions. Solving this paradox will likely go hand-in-hand with understanding the fundamentals of mycobacterial conjugation, but critical pieces of the puzzle are still missing.
In the donor, an active ESX-1 apparatus suppresses DNA transfer, suggesting that the ESX-1 secreted proteins are inhibitors of conjugation (48) . One possibility is that ESX-1-secreted proteins coat the surface of the donor and act as a physical barrier to prevent intimate cell contact and the transfer of DNA. An alternative hypothesis is that the secreted proteins are signaling proteins, or quorum sensors, that suppress activation of DNA transfer until suitable recipient cells are present. There is precedent for transfer being activated by secreted peptides in the Gram-positive enterococcus, in which peptides secreted by both donor and recipient regulate the induction and suppression of DNA transfer (24) .
In the recipient, ESX-1 secreted proteins may be receptors on the cell surface that promote donorrecipient contact (49) . Alternatively, as for the donor, the secreted recipient proteins may actively signal the donor to initiate transfer. A third scenario is that the ESX-1 apparatus itself is responsible for DNA uptake into the recipient. However, this model would imply that the donor ESX-1 apparatus is fundamentally different-donors cannot take up DNA-and that its presence negatively interferes with DNA transfer into the recipient. Regardless of model, DNA transfer provides a simple, sensitive and robust assay for ESX-1 function for the molecular genetic dissection of ESX-1 and its many, apparently disparate, roles in mycobacterial biology.
DISTRIBUTIVE CONJUGAL TRANSFER Transconjugant Genomes Are Mosaic
Recent revelations about mycobacterial DNA transfer have come from whole-genome sequencing of transconjugant progeny (15) . Whole-genome comparison between transconjugant progeny and their parents is feasible because parental strains differ significantly at the nucleotide level (∼1 SNP per 56 nucleotides), thus allowing discrimination between the parental origin (donor or recipient) of genomic DNA in transconjugants. The most striking feature of such a comparison is that the progeny genomes are mosaic blends of the parental genomes (Fig. 4) . This mosaicism contrasts with the acquisition of a single, oriT-linked segment of donor DNA in Hfr transfer (Fig. 1) . Thus, while all transconjugants acquire a segment of donor DNA encoding the selected marker (for example, Km r ), segments of DNA not selected are also transferred. In fact, on average, 12 additional segments of donor DNA are co-inherited for every selected Km r segment, and these bonus segments are distributed around the genome with no obvious regional biases. The sizes of the donor segments vary dramatically, ranging from 59 bp to 226 kb, with an average size of 44.2 kb and a mean of 13 tracts, totaling 575 kb of transferred DNA per genome (data from 22 transconjugants). To more accurately reflect the products of mycobacterial conjugation, and to distinguish it from the classical oriT-mediated transfer, this process was termed distributive conjugal transfer (DCT) .
Surprisingly, whole-genome sequencing has not been reported for Hfr transconjugants, preventing a detailed genomic comparison of the two conjugation systems. However, current Hfr models predict that a single segment of donor DNA would be integrated into the recipient chromosome corresponding to donor DNA located 3′ of oriT ( Fig. 1B) . DCT is remarkable compared to other modes of HGT for two main reasons. First, DCT creates unprecedented genome-wide mosaicism within individual transconjugants, and, second, the variation it generates in a single step approaches that seen in sexual reproduction.
Models for DCT
Based on the mosaicism observed in progeny genomes, we speculate that random chromosomal DNA fragments are generated in the donor, some of which are cotransferred into a recipient cell where they replace recipient sequences through homologous recombination ( Fig. 5 , left). The trigger for chromosome fragmentation is not clear, but the model is consistent with multiple donor bom break sites initiating transfer of individual segments (37) .
An alternative to the model described above is that a single, large DNA molecule is transferred into the recipient, which is processed into smaller segments before their integration into the recipient chromosome by homologous recombination (Fig. 5, right) . This scenario seems less likely because it predicts some progeny would contain exceedingly large chunks of donor DNA (3 to 4 Mb) integrated into the chromosome. These large chunk events would have resulted from recombination close to the ends of the transferred molecule-sites that are known to load recombination machines and promote homologous recombination (53, 54) . Based on the expected recombination frequencies, it would seem more parsimonious for these large chunks to be integrated before fragmentation into smaller segments occurred. This large chunk scenario is also less consistent with previous observations, which indicated that the donor chromosome contained multiple initiation sites (37) .
The majority of the integration events observed in transconjugants can be explained by homologous recombination promoting double crossover events at either end of the transferred DNA segment (Fig. 6, left) . RecA is required for transfer in the recipient and likely works with the RecA-dependent AdnAB recombination system described by Glickman and colleagues (55) . Mycobacteria encode a RecBCD complex, but these enzymes perform a different role in mycobacteria (RecAindependent single-strand annealing) than in E. coli and, therefore, are unlikely to mediate conjugational recombination as they do in E. coli (56, 57) . However, regions of microcomplexity that contain extremely short alternating tracts of donor and recipient DNA demonstrate that other mechanisms are also at work (Fig. 6, right) . These tracts indicate that the recombinant products Whole-genome sequencing of transconjugants and alignment with the parental sequences used the presence or absence of parental SNPs to define tracts of transferred donor DNA. A Circos projection of the 7-Mb chromosome is shown as concentric circles, with the recipient genome on the outside (yellow), the donor on the inside (blue), and four transconjugants in between. The segment containing the Km r gene used for postmating selection is indicated (green); the recipient antibiotic marker is episomally encoded. The outer three transconjugants have a donor mating identity, and all have inherited the esx1 locus from the donor strain (indicated at 0.1 Mb on the chromosome). The innermost transconjugant lacks the esx1 locus and is a recipient strain. These data and additional Circos plots can be seen in reference 15 The left-hand model posits that multiple chromosome segments are cotransferred into the recipient, where they are recombined into the recipient chromosome to generate a mosaic pattern. Large chunk transfer (right) would be predicted to result in fewer large integrated segments rather than many widely distributed donor segments. Current results, as seen in Fig. 4 , are more consistent with the fragmentation-before-transfer model. doi:10.1128/microbiolspec.MGM2-0022-2013.f5
likely arose from resolution of heteroduplexes between homeologous sequences, rather than simple exchange events. In other bacteria, the mismatch repair proteins recognize such heteroduplex DNA and prevent recombination (58) . However, mycobacteria lack mismatch repair genes (59) and thus likely rely on alternative recombination mechanisms to resolve heteroduplexes, offering one explanation for the observed tracts of blended microcomplexity. Untangling the processes that create these tracts will require a defined genetic approach, identifying the required recombination functions known to be present in mycobacteria (NHEJ, RecBCD, AdnAB, RecO), and equally likely to reveal yet other recombination surprises (57, 60) . Regardless of the mechanism, the net effect of microcomplexity is to generate a localized composite blend of nucleotide substitutions. From an evolutionary standpoint, these provide localized subtle diversity, which, for example, could modify the activity or interaction specificity of an enzyme.
Unanswered Questions
For all that is known about the products of DCT, there is still much to be discovered about the process. Whether single-stranded or double-stranded DNA is transferred is unknown. While oriT-mediated transfer occurs via a single-stranded intermediate, conjugation in Streptomyces is of double-stranded DNA (61; see below). The absence of known mycobacterial relaxases suggests that DCT might also be double-stranded and obviates the requirement for complementary-strand synthesis in the recipient before recombination.
An intriguing possibility is that DCT is similar to the conjugation system in Streptomyces, a fellow actinomycete. Streptomyces conjugation is mediated by a single protein, TraB, which is plasmid encoded. No orthologs of the T4SS or pilus protein are encoded from the plasmids or chromosome, most likely because MPF involves hyphal fusion (22) . TraB is an ATPase, resembling the DNA translocators FtsK/SpoEIII in its overall structural organization (62) . In further functional analogy to FtsK, which binds 8-bp FtsK orienting sequences to propel DNA through the septal pore (63), TraB binds a series of 8-bp repeats (TRSs [TraB recognition sequences]). TRSs are found on transferable plasmids associated with TraB and at sites around the chromosome and are thought to provide the specificity and directionality to transfer (62, 64) . TraB localizes at the hyphal tips, where it is proposed to form a channel for translocation of DNA (64, 65) . It is possible that a chromosomal ortholog of TraB performs a similar role in mycobacteria. If this protein also carried out essential replication functions, it might explain the inability to isolate transfer-defective donors (48) . The dual functionality might also allow coordination of transfer and chromosome replication, such that transfer occurs after a round of replication, ensuring that DCT is not a donor suicide process. The lack of a defined mycobacterial oriT-like sequence might also be explained by its TraB ortholog recognizing cryptic TRS-like repeats. However, whether DCT is mediated by a TraB ortholog or by an entirely different process will require more definitive experimentation, especially because there are so many differences between mycobacteria and Streptomyces (perhaps most significantly, in membrane organization and growth characteristics).
DCT AS AN ENGINE FOR MYCOBACTERIAL EVOLUTION DCT Dramatically Shortens the Evolutionary Clock
The analysis of transconjugant genomes not only provides insights on the transfer mechanism, but also suggests that mycobacterial DCT can create genome diversity almost instantly. Genomic changes that typically accompany evolution of bacteria are assumed to be a serial accrual of HGT and spontaneous mutation events that occur over many generations and great spans of time ( Fig. 7) . By contrast, a single-step DCT event between two M. smegmatis cells generates a transconjugant that is a mosaic blend of the parental genomes and not merely an incrementally altered derivative ( Fig. 4 and 7) . Thus, theoretically, DCT could dramatically increase the evolutionary rate estimates for mycobacteria.
Is DCT Still Active Among Native Mycobacterial Species?
Determining whether DCT is still active is extremely difficult to address. Naturally occurring HGT events can only be inferred from anecdotal sequence analyses of extant parental and transconjugant lineages. Because the HGT event may have happened long ago, the participating parental strains may be extinct or may not have been sequenced yet, so the nearest sequenced relative in its lineage must suffice as a stand-in for comparisons. Subsequent changes to either the parental or transconjugant genomes, including possible secondary HGT events, can complicate interpretations. Thus, while genome analysis is the most effective method to detect HGT, definitive proof that DCT is active in other species will require using sequenced, marked, parental strains and selecting for recombination events in vitro, as demonstrated for M. smegmatis. However, this also requires that the mating type of the species is known. For example, one would predict that all M. tuberculosis isolates are the same mating type, either donor or recipient, because of its clonal nature. Therefore, DCT is unlikely to occur between M. tuberculosis isolates. But this does not preclude M. tuberculosis exchanging genetic information with other mycobacteria of the opposite mating type. Below, we describe three documented examples of mosaicism in mycobacterial genomes that could have been generated by DCT, although we caution hard conclusions because of the above caveats.
DCT provides a plausible mechanism for the genome mosaicism observed in M. canettii
While DCT certainly is active in isolates of M. smegmatis, a bigger question is whether it occurs in other mycobacterial species and especially, from a public health perspective, the MTBC. Early sequencing studies of M. tuberculosis isolates found extremely low genetic variation, suggesting that M. tuberculosis does not undergo HGT, is evolutionarily young, and resulted from a recent clonal expansion (10) (11) (12) . However, there is convincing evidence for HGT among M. canettii and other smooth-colony MTBC strains: genome comparisons between M. canettii isolates have identified large numbers of SNPs (see reference 71). Notably, clusters of SNPs are shared between different isolates, indicating that pairs of isolates have undergone recombination events via HGT (13) . As a result of these pairwise recombination events, the M. canettii isolates display genome-wide mosaicism similar to that observed following DCT in M. smegmatis (13, 14) . It was proposed that M. canettii strains are extant members of a genetically diverse MTBC progenitor species, Mycobacterium prototuberculosis, whose members underwent frequent HGT, and that M. tuberculosis emerged from this pool of diverse species by acquisition of enhanced virulence mechanisms (13) . The unspecified HGT process underlying the M. canettii genome mosaicism is presumed to result from a series of sequential transfer events. However, DCT involving the ancestral M. prototuberculosis offers a plausible and parsimonious explanation for the remarkably similar mosaicism observed among the extant M. canettii. We could envision that DCT in M. prototuberculosis rapidly incorporated the necessary blend of parental genotypes that drove the emergence of a pathogenic, rough-colony morphology species, like M. tuberculosis, allowing their subsequent clonal expansion.
Has DCT occurred between M. canettii and M. tuberculosis?
While the HGT events proposed for M. prototuberculosis are thought to have occurred over 35,000 years ago, there are indicators that gene flux still occurs among the M. canettii isolates and M. tuberculosis. Sequence comparison of the M. canettii isolates with M. tuberculosis confirms that their genomes are highly conserved and syntenic, but the two species are signifi-cantly more divergent and are easily distinguished by numerous SNPs. However, there are shared blocks of sequence identity embedded in regions of nucleotide diversity detected between M. tuberculosis and individual M. canettii isolates (14, 66) . These regions are en-tirely consistent with relatively recent recombination events that have occurred between the two species since their divergence. The strikingly similar pattern of mosaicism observed in our experimental system (Fig. 6) , and among extant members of the MTBC, suggests that the latter may have been created by the same mechanism: DCT.
Genome mosaicism observed in M. avium could also result from DCT
A study on the glycopeptidolipid (GPL) biosynthetic pathways of four M. avium strains belonging to different serotypes led to the sequencing of their gpl gene clusters (67) . The region was shown to be highly mosaic among the four strains, with multiple SNPs clearly defining shared regions and breakpoints. The lack of insertion sequences and the extended sequence continuity beyond the mosaic region strongly indicated acquisition by some form of HGT. Again, the products are remarkably similar to those generated by DCT.
We suspect that these observations of mosaicism represent the tip of the iceberg that will gradually be exposed as more mycobacterial species are sequenced and their genomes are compared. While the pathogenic MTBC species are frequently sequenced for public health reasons, their extreme similarity undermines their value in identifying HGT events.
DCT Adds Up to Reproductive Success
It is important to keep in mind that, in spite of the many superficial similarities between DCT and the mammalian version of sex, DCT is not reproduction per se. Sexual reproduction generally brings together two parents whose haploid genomes combine to create genetically blended progeny. A basic mathematical representation would be 1 + 1 = 3, where each of the parents and the created single offspring total three individuals: a net population increase of one. Since the viability/fate of the donor bacterium is unknown in mycobacterial mating, DCT might either result in no net increase (1 + 1 = 2) or, in the case of donor suicide, a net decrease (1 + 1 = 1). Even though the short-term math may not tally, it is likely that in the long term, participants of DCT should eventually be present in greater numbers, as an occasional transconjugant may have a competitive advantage and divide more frequently.
The nearly boundless parameters of DNA transferred by DCT-large and small, isolated tracts or clustered microcomplexity-quickly create so many combinatorial possibilities that it becomes clear that no two transconjugants can be identical. A typical laboratory mating experiment generates >10 4 antibiotic selectable recombinants. If DCT transfers 10% of the donor genome on average (15) , the corollary is that 90% of the transconjugants go undetected in this simple assay. Thus, of the >10 5 total transconjugants generated in an experiment, all will be different from each other and from the parental strains.
DCT Complements Spontaneous Mutation
Mycobacteria undoubtedly experience spontaneous mutation, a ubiquitous source of de novo genetic diversity. However, only a very small fraction of mutations will be advantageous, and if multiple sequence changes are required for a competitive advantage, the beneficial mutations must occur sequentially in the same lineage to become fixed in the population. This would likely require a very protracted time scale. DCT can expedite this process by actively mixing variants available within a community and letting competition select for the best combinations. Importantly, not only does DCT introduce variation instantly, but it also brings in variant sequences that have already been vetted. They were functional in the context of the donor genome and therefore should have a reduced chance of carrying debilitating mutations (Fig. 6, right) . While this consideration might elevate the transconjugant viability rate somewhat, their overall success will ultimately depend on how well the altered genes interact with partner genes or with pathways remaining in the cell and how well the new genome interacts with the environment. This is analogous to trying on new shoes for a specific occasion. The existing pair might suffice, but another pair might be a better match for your clothing (loafers versus sneakers) or the environment (sandals versus boots) or the activity (cleats versus flippers). The rack of shoes from which to choose is limited only by the variation of the neighbors that are willing to donate them (DCT donors) and that the shoes fit (homology to recombine into the recipient). Whereas a random mutation might give rise to a nice fresh set of shoelaces, most mutations will more likely put a hole in the shoe or leave it stuck in the mud. The lack of mismatch repair systems in mycobacteria allows homologous recombination and, thus, further enhances the repertoire of mutations a recipient can acquire from distant relatives.
DCT Can Result in Indels
Significant evolutionary changes require entirely new activities that cannot be created by incremental changes to a finite genome and must be acquired through HGT. Classic horizontal gene transfer imports new genes (having no ortholog in the recipient) that are then integrated into the genome to result in indels (inserts/ deletions). Indels initiate potentially major evolutionary leaps, as these might include entire operons that encode complete signaling pathways, biochemical activities, or structural components, which could open up opportunities to populate a new environment. The extremely large sizes of some transferred segments (250 kb) in DCT allow it to introduce, or remove, nonhomologous segments by bridging to regions of homology ( Fig. 6,  left) . Indeed, insertions of up to ∼50 kb were identified in M. smegmatis transconjugants, representing new donor DNA sequences that were originally absent in the recipient chromosome (15) .
DCT AS A GENETIC MAPPING TOOL esx1 Encodes a Mating Identity Switch
The mosaic genomes generated in a single step by DCT look remarkably like the products of meiotic recombination in that homologous recombination indiscriminately swaps segments of DNA from both parents to create a new unique chromosome that has tracts from both parents. Single sperm sequencing has shown that spermatogenesis creates an average of 23 crossovers per genome (68) , comparable to exchanges by DCT in a mycobacterial genome. This level of genome mixing has been exploited to map genetic traits through association studies in mammals. With the exception of monozygotic twins (and inbred mouse lines), individuals have different combinations of sequence variants in their genomes. In spite of their genome-wide variation, some individuals may share a gene that gives rise to a distinct phenotype. Genome-wide association studies (GWASs) look for variants-usually SNPs-that are overrepresented in the group exhibiting the trait of interest relative to a group that does not have the phenotype. Therefore, SNPs tightly linked with a gene that controls a trait will be highly enriched in the affected group. The overt similarities between meiotic and DCT-generated mosaicism enabled a similar approach to be applied to mycobacteria. A mycobacterial GWAS can theoretically map any genetic trait that differs between the parental strains. This trait could be as simple as colony morphology or color or as complex as a biochemical pathway, as long as there is a measurable phenotype. One practical application might be to map donor genes encoding drug resistance, upon transfer of resistance into the drugsusceptible recipient. Whole-genome sequencing of drugresistant transconjugants should identify a segment of DNA in common containing the responsible gene(s).
Most relevantly for this review, this GWAS-DCT methodology was used to map a locus that conferred mating identity (mid) to M. smegmatis transconjugants (15) . Unlike oriT-mediated Hfr transfer, a subset of mycobacterial transconjugants become donors (46) and therefore likely acquire a donor-conferring locus. Comparison of the genome sequence of just 10 donorproficient transconjugants identified a single region in common, which encompassed the mc 2 155 esx1 locus ( Fig. 4) , indicating that esx1 encodes a switch in mating identity from recipient to donor in these transconjugants (15) . Despite the previous links between ESX-1 and transfer, this result was not anticipated, since transposon insertions or deletion of esx1 genes do not result in a switch in mating phenotype. The ability to rapidly associate genes with phenotypes via this GWAS approach provides a simple and effective tool for mycobacterial geneticists. Importantly, DCT can be used to map genes by exchange of function, as opposed to traditional methods that employ loss-of-function mapping. The ease of sequencing bacterial genomes, combined with the dramatic drop in costs, makes this a cost-effective process.
Where Are the mid Genes in esx1?
In mammalian genetic studies, fine mapping of a genetic determinant can be achieved by performing successive backcrosses to genetically purify a locus in a recipient background. A similar approach was employed using DCT to introgress the mid locus in the recipient genome. F1 donors were crossed with the original recipient to generate (N1) progeny that were screened for donor proficiency. N1 donors were then used in a second backcross, and the process was repeated. Six serial backcrosses resulted in a purifying selection of the donor-conferring locus (and the Km r genes used to select for transfer of donor DNA) such that donor-proficient transconjugants contained as little as 1.5% of donor DNA embedded in a recipient background ( Fig. 8 ). Just as informative are those lines that were reiteratively scored as donors (transferring the donor mid region of the esx1 locus at each generation), up until the last generation when some transconjugants, now scored as recipients, were also sequenced. In this last generation, the recipient-proficient transconjugants invariably retained all or most of the esx1 genes of the recipient, as donor-specific SNPs throughout this region were not transferred ( Fig. 8) .
By combining the genome data of both donor-proficient backcross progeny (having donor mid genes that were sufficient to confer the donor phenotype) and those that are recipient-proficient (having donor genes that were insufficient to confer the donor phenotype), the mid locus was mapped within esx1 to six genes: Ms0069-0071 and Ms0076-0078 ( Fig. 8) . None of the encoded proteins have been functionally annotated, so their putative role(s) in determining mating identity is currently unknown. The region spanning genes 0069 to 0071 is the most divergent part of the esx1 locus between the donor and recipient. Orthologs of some of these genes are present in sequenced environmental mycobacterial species and to a lesser extent in the MTBC. More accurate predictions of potentially active DCT participants await a more definitive mapping and characterization of the pivotal mid activities in the existing M. smegmatis DCT model strains or directed empirical testing of new strains for DCT.
How Do the Mid Proteins Confer Mating Identity?
The genetic mapping data and transposon mutagenesis data provide compelling evidence for a role for ESX-1 in DNA transfer. But what is that role and how can it be addressed? Transposon insertions and targeted deletions in recipient genes that map within esx1, but outside mid, abolish both DNA transfer and ESX-1 secretion, suggesting that there is a functional requirement for the apparatus per se. This requirement for ESX-1 likely reflects the need to secrete some of the Mid proteins to define mating identity. In support of this we, and others, have already shown that Ms0076 (EspB) is secreted (69, 70) and have evidence that at least one other Mid protein, Ms0077, is secreted (J. Krywy, A. Collins, T. A. Gray, and K. M. Derbyshire, unpublished data). Alternatively, Mid proteins could modify other ESX-1 substrates to exert an effect. Either way, any future mechanistic model of DCT is likely to begin with the Mid proteins, as they seem to dictate how a shared apparatus can have opposing activities in conjugation. Whole-genome sequencing and genomewide association mapping of F1 transconjugants that exhibited a donor phenotype revealed that all donor-proficient transconjugants had an esx1 locus of donor origin (Fig. 4) . Mapping of the mating identity (mid) locus-the donor genes associated with the donor conjugal phenotype-to esx1 was confirmed by successively backcrossing donorproficient transconjugants with the recipient, while maintaining the donor phenotype (transconjugant donor). Backcrossed transconjugants that showed a recipient conjugal phenotype (transconjugant recipient) all shared a region of their esx1 locus that was composed of recipient-derived genes, further refining the mid locus to six genes (Ms0069-0071 and Ms0076-0078) near the 3′ end of esx1. White-filled gene symbols represent repetitive elements. doi:10.1128/microbiolspec.MGM2-0022-2013.f8
Conceptually, communication between opposite mating types might be a good checkpoint activity to coordinate MPF and donor genome mobilization to the waiting recipient.
SUMMARY AND FUTURE PROSPECTS FOR DCT
The work described in this chapter demonstrates the unique nature of conjugal DNA transfer in mycobacteria. Our knowledge has expanded dramatically since the chapter on conjugation in the first edition of this book. Perhaps the biggest advance is the realization of DCT's potential impact on all mycobacteria. In 2000, M. tuberculosis was considered clonal, evolving only by random genetic drift and selection, untouched by HGT. Mycobacterial conjugation was assumed to be similar to E. coli Hfr transfer and restricted to M. smegmatis and, perhaps, other environmental mycobacteria. Now, 13 years later, DCT can be almost envisaged as a fourth mechanism of HGT, quite distinct from oriTmediated conjugation. DCT requires a functional ESX-1 system, previously considered a virulence determinant. The essential role for ESX-1 in DCT has provided an ideal genetic model system to dissect ESX-1 functions. Genome sequence analyses have provided strong, albeit indirect, evidence for extensive HGT among the MTBC, as well as other mycobacteria. The mosaicism observed in some of these genomes is entirely consistent with it occurring by DCT, suggesting that DCT is more prevalent among mycobacteria than previously appreciated. Together, these observations indicate that the MTBC is capable of recombination and that HGT has played a role in its evolution. We anticipate that additional examples from genome sequencing will further reinforce the ability of these species to diversify via HGT, in addition to genetic drift.
What might we expect in the next edition of this book? There are likely to be many advances, especially in defining the transfer genes, their protein structure, and the mechanism of transfer. However, we speculate that the more likely global impact will be on the application of DCT to genetically engineer strains and on understanding gene flow in mycobacteria and related species. Identification of the genes required for mating identity and those that mediate transfer will allow construction of defined mating pairs in all mycobacteria. Thus, DCT could be used to introduce defined mutations into the slow-growing pathogens from the genetically amenable fast-growing species or to create attenuated, hybrid strains specifically designed to enhance live vaccine development. The similarity of DCT to meiotic recombination certainly opens the genetic doors, and in this era of genome-scale science, we predict DCT will continue to be a major contributor to mycobacterial genetics.
